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Abstract  The effects of lanthanum at different concen-
trations on the related photosynthetic activities of Hill reac-
tion, Mg2+-ATPase and Ca2+-ATPase in spinach chloroplast 
were studied. Experimental results showed that lanthanum 
can increase all the activities at suitable concentration (15－
30 mg·L-1), however, it behaves toxically on them when over 
used (60 mg·L-1). To get an improved understanding of the 
mechanism of lanthanum effects on the photosynthesis of 
spinach, the different subcomponents in the chloroplast of 
the cultured spinach were isolated, and the content of lan-
thanum in each subcomponent was determined by ICP-MS. 
The results obtained indicated that among these different 
subcomponents, about 90% out of the total chloroplast lan-
thanum was located in photosystem II (PS II) while there was 
little lanthanum in photosystem I (PS I). Moreover, size ex-
clusion high performance liquid chromatography (SE-HPLC) 
coupled with online UV and ICP-MS detections was novelly 
used for locating lanthanum binding sites in PS II proteins 
for the first time. It was found that lanthanum has two bind-
ing sites in PS II: La associates with chlorophyll together 
with magnesium in PS II by partly replacing magnesium and 
also shares the common binding sites of PS II proteins to-
gether with the inorganic cofactors of calcium and manga-
nese, influencing the process of photosynthesis. 
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Positive, nil and/or negative effects of REEs on crops’ 
growth and yield were observed by room cultivation or 
field experiments in many countries. Especially in China, 
rare earth elements (REEs) containing fertilizers were 
applied to more than 300 species of field crops, and re-
sulted in a mean productivity increase of 5%―15%[1]. 
Since the 1970s many approaches in the understanding of 
physiological and biochemical effects of REEs on plant  
metabolism, yield and quality have been made[2―4]. The 
application of suitable amount of mixed light REE nitrates 
turned out to be beneficial for photosynthesis, e.g. en-
hancing plant photosynthesis intensity[1,5]; increasing the 
number of chloroplasts, and the density of canaliculus[6]; 
an acceleration of the Hill reaction and plastoquinone (PQ) 
shuttle because of the increased content of Mg2+-ATPase 
in La-treated wheat chloroplast[7]; the activity of Mg2+- 
ATPase in rapeseed increased by 4.4% with the treatment 
of a solution of 20 mg·L−1 of Nd(NO3)3 and by 6.4% with 
a solution of 100 mg·L−1 of Nd(NO3)3, respectively[8]. 
Although some macro effects of REEs have been observed 
on plant photosynthesis, there are still a number of ques-
tions remained before the mechanism of REEs’ effects on 
plant photosynthesis is fully understood. Among them, the 
REEs’ distribution and their binding sites among chloro-
plast compartments or subcomponents are challenges con-
sidering their importance for the understanding of the 
biological effects of REEs. The chloroplast is the organ-
elle surrounded by double membranes, where photosyn-
thesis occurs. Thylakoid membrane inside the inner mem-
brane normally consists of appressed membrane regions 
(grana) with interconnecting lamellae that are not ap-
pressed (stromal lamellae). Stroma lamellae are enriched 
in PS I proteins, while the appressed membrane seems to 
predominantly contain PS II proteins[9,10]. The light reac-
tion of photosynthesis in higher plant is driven by the co-
operation of two photosystems, PS I and PS II. Great ef-
forts have been made on the studies of REEs binding sites 
in chloroplast. Under physiological pH the thylakoid 
membrane surface is negatively charged[11], causing the 
charge attraction between positively charged metals and 
the negatively charged membrane surface. Karukstis et 
al.[12] reported that thylakoid membrane interacted with 
REEs by charge attraction. Ono[13] found that the lantha-
nides could compete with functional Ca2+, and bind to the 
Ca2+ site in the photosynthetic oxygen evolving center 
(OEC) by in vitro experiment, which further influenced 
the photosynthesis process. Hong et al.[14] found that lan-
thanides could partly replace magnesium ion in chloro-
phyll by UV-VIS, FT-IR and extending X-ray absorption 
fine structure spectroscopy (EXAFS), and it had been 
found that La3+ coordinated with nitrogen in porphyrin 
rings with the average La-N bond length of 0.253 nm. 
Moreover, according to our previous studies[15], the forma-
tion of the lanthanum chlorophyll a was confirmed in the 
chloroplast of spinach under La stress by UV-VIS and 
ESI-MS studies. 
The objective of this study is to get a clearer under-
standing of lanthanum effects on photosynthesis. Spinach, 
a model plant, was cultured by Knop solutions containing 
different amount of lanthanum, different subcomponents 
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the distribution of La among them was determined by 
ICP-MS; the location of La in PS II proteins was further 
investigated by size exclusion HPLC (SE-HPLC) coupled 
with online UV/ICP-MS detections. On the other hand, 
the effects of lanthanum on the relative photosynthetic 
activities of Hill reaction, Mg2+-ATPase and Ca2+-ATPase 
of the cultured spinach chloroplast were also investigated. 
1  Materials and methods 
1.1  Incubation of spinach by Knop solution containing 
lanthanum 
Healthy seeds of spinach were selected, soaked and in-
cubated for germination on moist germination paper in 
dark. Three-d-old dark-growing seedlings of the similar 
size were carefully selected and planted in plastic dishes 
containing the following culture solutions: 1) Knop solu-
tion free of phosphate; 2) Knop solution containing LaIII 
(15 mg·L−1) free of phosphate; 3) Knop solution contain-
ing LaIII (30 mg·L−1) free of phosphate; and 4) Knop so-
lution containing LaIII (60 mg·L−1) free of phosphate, 
respectively. Lanthanum oxide (purity >99.999%) was 
obtained from Changchun Institute of Applied Chemistry 
of the Chinese Academy of Sciences, and it was added to 
the culture solutions in the form of La(NO3)3 after being 
dissolved by nitric acid. Knop solution used contains 1000 
mg·L−1 Ca(NO3)2, 250 mg·L−1 MgSO4·7H2O, 120 
mg·L−1 KCl, 9.36 mg·L−1 FeII-EDAT, 2.86 mg·L−1 
H3BO3, 0.22 mg·L−1 ZnCl2, 0.08 mg·L−1 CuSO4·5H2O, 
0.08 mg·L−1 MnCl2 and 0.02 mg·L−1 H2MoO4. To avoid 
precipitation of lanthanum with phosphate, phosphate was 
applied to the spinach by spraying KH2PO4 solution (250 
mg·L−1) on spinach leaves. The cultivation experiments 
were done in a green house outside. The spinach seedlings 
were cultured for 40 d by the culture solution that was 
refreshed each week and maintained at pH 5.5―6.5. 
1.2  Isolation of intact chloroplast, thylakoid and PS II 
The isolation scheme of spinach chloroplast subcom-
ponents is shown in Fig. 1. Intact chloroplast was isolated 
from spinach leaves according to the method of Ye[16]. 
Chlorophyll was further extracted in acetone and water 
(8:2) mixture and, the chlorophyll contents were deter-
mined according to Arnon’s method[17]. Thylakoid mem-
brane was prepared by the method of Andreasson and 
Svensson[18], chloroplasts were resuspended and osmoti-
cally broken in 5 mmol·L−1 MgCl2 followed by centrifu-
gation at 2000 g for 5 min, both of the precipitate (thyla-
koid) and the supernatant containing chloroplast mem-
brane (CMB) were collected for La content analysis by 
ICP-MS. PS II was isolated according to the method of 
Berthold[19], the PS II pellet was stored at −80℃ for fur-
ther analysis; the supernatant including PS I was defined 
as membrane-denatured proteins (MDP), and was also 
collected for the determination of La by ICP-MS.  
 
Fig. 1.  Isolation scheme of spinach chloroplast components. 
 
1.3  Assay of the activities of Hill reaction, Mg2+-ATPase 
and Ca2+-ATPase 
The activity of Hill reaction was measured by the 
method of Ye[16]; Mg2+-ATPase and Ca2+-ATPase activities 
of chloroplasts were estimated according to the method of 
Huang[16]. 
1.4  Determination of La among the different subcom-
ponents of chloroplast  
Appropriate amount of the above isolated chloroplast 
subcomponents was respectively put into 25 mL beakers 
and predigested for 6 h at room temperature by using 5 
mL concentrated HNO3. Then added 1 mL HClO4 to the 
beakers, respectively, placed the beakers with watch 
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nearly dryness. Dissolved the residue with 2% HNO3 and 
quantitatively transferred it into 10 mL volumetric flasks, 
respectively, then diluted it to the volume with 2% HNO3. 
An HP-4500 inductively coupled plasma mass spectrome-
ter (ICP-MS, Yokohama, Japan) equipped with a micro 
concentric nebulizer was used for the determination of La, 
and the operation conditions are listed in Table 1. 
 
Table 1  HP 4500 ICP-MS operating conditions for La,  
Mn, Mg and Ca detection 
Rf power 1350 W 
Sampling depth 6.3 mm 
Carrier gas flow rate 1.2 L·min−1 
Plasma gas flow rate 16 L·min−1 
Auxiliary gas flow rate 1.0 L·min−1 
Nebulizer Concentric nebulizer 
Sampler Ni, 1.0-mm orifice 
Skimmer Ni, 0.4-mm orifice 
Data acquisition 
Scanning mode Full quantitative 
Integration time per point 300 ms 
No. of replicates 3 
Data acquisition in chromatogram measurement 
Scanning mode Time-resolved analysis 
Integration time per point 100 ms 
Acquisition 2400 s 
 
 
1.5 Location of La binding sites in PS II by SE-HPLC- 
UV/ICP-MS 
( i ) Sample treatments. 
Treatment 1: the PS II was solubilized in 1% sodium 
dodecyl sulfate (SDS) and 62.5 mmol·L−1 Tris-HCl, pH  
6.8 (SDS:Chl = 30:1) for 60 min at 4℃ in dark, then 
centrifuged at 3000 g for 5 min. The supernatant contain-
ing PS II proteins was filtered with a 0.45 µm membrane 
before separation. 
Treatment 2: the PS II were solubilized in the same way 
as the procedures in treatment 1, and the removal of the 
chlorophyll from PS II proteins was done by depositing  
the proteins with acetone at −20℃ followed by a cen tri-
fugation 2000 g for 5 min. The pellet was solubilized in 
the mobile phase used as described bellow and filtered 
with a 0.45 µm membrane before separation. 
(ii) Separation of PS II proteins by size exclusion  
chromatography. The chromatographic system used con-
sisted of two Shimadzu LC-10ADVP pumps, a Shimadzu 
SPD-M10AVP diode-array detector, and a Shimadzu SCL- 
10 AVP system controller (Kyoto, Japan) with a Rheodyne 
Model 7725i (Cotati, CA, USA) sample injection valve 
fitted with a 20-µL and/or 100-µL loop. Separation was 
performed on a 7.9 mm i.d × 500 mm length size exclu-
sion column (Shim Pack DIOL-300, Kyoto, Japan), and 
the mobile phase was 30 mmol·L−1 Tris-HCl (pH 8.0) 
with a flow rate of 0.75 mL·min−1. The mobile phase was 
filtered through a 0.45 µm membrane and degassed before 
use. An HP-4500 ICP-MS fitted with a concentric nebu-
lizer was used for the on-line detection of La, Mg, Mn and 
Ca.  
2  Results and discussion 
2.1  Activities of Hill reaction, Mg2+-ATPase and Ca2+- 
ATPase of the chloroplasts of the spinach cultured 
Lanthanum was set as an example of REEs considering 
its abundance in the environment and frequent use as a 
main additive of REEs-fertilizer. Its effects on the activi-
ties of Hill reaction, Mg2+-ATPase and Ca2+-ATPase of the 
spinach chloroplasts were studied. Results in Table 2 show 
that the activities of Hill reaction, Mg2+-ATPase and 
Ca2+-ATPase were remarkably increased by 25.6%, 30% 
and 27.3%, respectively, under the incubation of the Knop 
solution containing 15 mg·L−1 LaIII; 15.3%, 13.6% and 
13.2% under 30 mg·L−1 LaIII, while all of the activities 
were respectively inhibited by 35%, 21.4% and 29.7% 
when the concentration of LaIII in the Knop solution in-
creased to 60 mg·L−1. 
At low concentration, it is more likely that REEs act in 
a similar way as common micronutrients do; for example, 
even heavy metals such as Cu, Zn, Ni, and Mn are essen-
tial to photosynthetic organisms at low concentration.  
 
Table 2  Effects of La on Hill reaction activity, Mg2+-ATPase  
and Ca2+-ATPase activity 
 Activity Relativity (%) 
 a b c a b c 
I 450.0 726.0 577.4 100 100 100 
II 565.2 936.8 735.1 125.6 130.0 127.3 
III 518.8 818.6 653.7 115.3 113.6 113.2 
IV 292.5 573.8 405.7 65.0 79.6 70.2 
Note: Chl, chlorophyll; a, activity of Hill reaction (µmol O2 mg−1 Chl h-1); b, activity of Mg2+-ATPase (µmol Pi mg−1 Chl h−1); c, activity of 
Ca2+-ATPase (µmol Pi mg−1 Chl h−1); I, the control group; II, spinach cultured by 15 mg·L−1 LaII ; III, spinach cultured by 30 mg·L−1 LaIII; IV, spinach 
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Suitable concentrations of the metal ions are indispensable 
components of nutrient media in which an organism grows. 
At higher concentration, however, these metal ions have 
severe toxic effects. The toxicity may result in diverse 
effects, which depends on the species of plant, the nature 
and concentration of the metal ion, and the environmental 
conditions accompanying the metal stress. Among the 
mechanisms proposed to contribute to heavy metal dam-
age are inhibition of enzyme[20], inhibition at various sites 
of PS II reaction centers[21], enhancement of photoinhibi-
tion[22], the impediment of plastocyanin function[23], and 
disturbances in the uptake of essential microelements as 
well. Accordingly, high concentration REEs might influ-
ence plant’s photosynthesis in a similar way. However, it 
should be noted that REEs prefer hard basic donors such 
as O and N in enzymes or proteins because of being hard 
acid themselves according to the HSAB principle[24]. 
There must be some differences between the biological 
effects of REEs and those of heavy metals, which could be 
imagined as behaving similarly as alkaline-earth metals 
such as Mg and Ca. 
2.2  Distribution of La among the subcomponents of the 
chloroplast 
For each group of the spinach cultured, the different 
subcomponents of the chloroplast were isolated, and the 
distribution of La among them was determined. The re-
sults listed in Table 3 indicate that about 90% out of total 
chloroplast La was located in PS II, which is quite differ-
ent from Wang’s results[25], probably because of the dif-
ferent species of plant studied and the growing environ-
ment. Results in Table 3 also indicate that only a small 
amount of La 3.9%―5.3% out of total chloroplast La is 
on the chloroplast membrane, and 4.7%―14.6% is de-
tected in MDP where PS I exists. These facts suggested 
that La influences the process of photosynthesis by acting 
on PS II rather than on PS I. From Table 3 it could be seen 
that the content of La in PS II of the spinach cultured fol-
lows the order of I < II ≈ III < IV. Obviously, just like in 
activities of Hill reaction, Mg2+-ATPase and Ca2+-ATPase,  
there was only a little difference in La content in PS II 
between groups II and III, while that of group IV was 
much higher. The low activities of Hill reaction, Mg2+- 
ATPase and Ca2+-ATPase of group IV might be ascribed to 
the higher La content in the PS II, which in turn nega-
tively affected the process of photosynthesis. 
2.3  Location of La in PS II 
Since most of the total chloroplast La was located in PS 
II, an improved understanding of the role of La requires 
knowledge of the actual location of its binding sites in PS 
II. In order to obtain some information about the La bind-
ing sites, and the relation between La and the inorganic 
cofactors of Mg, Mn and Ca in PS II, the PS II proteins 
were separated on a Shim-Pack DIOL −300 column spe-
cially designed for SE chromatography of biological 
macromolecules, and the effluents were on-line detected 
by UV at 214 and 254 nm, as well as ICP-MS for the de-  
tection of 139La, 24Mg, 55Mn, and 43Ca. PS II is a multi- 
subunit protein complex with a total molecular mass of 
890 kDa, and it is composed of PS II reaction center, 
chlorophyll a/b binding proteins of CP47 and CP43, ex- 
trinsic proteins of 33, 24, and 17 kDa, LHC II, and some 
smaller protein components[26]. In our study the polypep-
tide composition of PS II was determined using the 
method of Laemmli[27] by discontinuous SDS-PAGE, and 
the results were consistent with that in ref. [26]. However, 
the methods presently used for localizing proteins in 
acrylamide gel require prior denaturation of proteins in 
acid followed by staining and removal of excess dye. 
These procedures lead to the decomposition of the metal 
binding proteins under low pH during the staining process. 
By contrast, the mild separation conditions of SE chro-
matography keep the metal-binding proteins more stable 
during the separation process, which enable us to get more 
information about La binding sites in PS II proteins by 
detection with UV/ICP-MS. It can be observed from Fig. 
2(b) that La was eluted in two fractions (peak 1 and peak 
2). They were assigned as PS II proteins A and B, respec-
tively. Fig. 3(a) shows that the absorption spectrum of  
 
Table 3  Distribution of La among the components of the chloroplasts  
in spinach cultured (µg·g−1 chl’s chloroplast)a 
 Conc. %Conc. 
 I II III IV I II III IV 
Chloroplast 25.4 282.3 298.1 420.2 100 100 100 100 
CMB 1.0 11.0 15.8 20.2 4.0 3.9 5.3 4.8 
Thylakoid 24.4 271.4 282.2 400.0 96.0 96.1 94.7 95.2 
MDP 1.2 14.4 13.5 14.6 4.6 5.1 4.5 3.5 
PS II 23.2 255.0 265.4 373.0 91.3 90.3 89.0 88.8 
Note: a, The content of La in every fraction of the chloroplast containing 1 g chlorophyll; CMB, chloroplast membrane; MDP, membrane denatured 
proteins; Conc., concentration of La; %Conc., the percentage of La in every fraction of chloroplast to the total La concentration of chloroplast; I, the 
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Fig. 2.  HPLC-UV chromatogram (a) and HPLC-ICP-MS chromato- 
grams ((b)―(d)) of PSII proteins from spinach cultured by 60 mg·L−1 
LaIII. (b) La; (c) Mg; (d) Mn (empty circle) and Ca (filled circle). A, PSII 
proteins A; B, PS II proteins B. 1, La in the proteins A; 2, La in the pro-
teins B. 
 
PS II proteins A recorded at room temperature had the 
typical absorptions at 664, 436 and 468 nm that belong to 
chlorophyll a and b, indicating that A is a chlorophyll- 
protein complex. Chromatogram with the detection of 
ICP-MS (Fig. 2(b) and (c)) showed that the signals of Mg 
and La were detected at the same retention time as PS II 
proteins A in Fig. 2(a), suggesting that La and Mg might 
have similar binding sites associated with PS II proteins A. 
Moreover, the simultaneous disappearance of the typical 
absorptions of chlorophyll a/b at 664, 436 and 468 nm as 
well as Mg and La signals in ICP-MS gave the evidence 
that La and Mg together associated with the chlorophyll in 
PS II proteins A. This is in accordance with the previous 
reports[14,15], indicating that Mg2+ in porphyrin of chloro-
phyll might be replaced by La3+ under La stress. 
On the other hand, the way of association of La with PS 
II proteins B was different from that with PS II proteins A. 
Weak absorptions at 430, 468 and 664 nm in the UV-VIS 
absorption spectrum of PS II proteins B (Fig. 3(c)) 
showed that there was also a little amount chlorophyll in 
PS II proteins B. Unlike in PS II proteins A, signal of Mg 
could not be detected in PS II proteins B while the signal 
of La in PS II proteins B did not disappear after the re-
moval of chlorophyll from PS II by acetone (Fig. 4(b)). 
Fig. 2(a), (b) and (d) show that La, Ca and Mn have simi- 
lar retention time to PS II proteins B, suggesting that La 
together with Ca and Mn strongly associated with PS II  
 
Fig. 3.  UV-VIS absorption spectra of PS II proteins A and B. (a) PS II 
proteins A untreated with acetone; (b) PS II proteins A treated with ace-
tone; (c) PS II proteins B untreated with acetone; (d) PS II proteins B 
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Fig. 4.  HPLC-UV chromatogram (a) and HPLC-ICP-MS chroma-
tograms ((b))―((d)) of acetone treated PSII proteins from the spinach 
cultured by 60 mg·L−1 LaIII. (b) La; (c) Mg; (d) Mn (empty circle) and 
Ca (filled circle). 
 
proteins B. Oxidation of water is carried out by OEC con- 
taining a tetranuclear Mn cluster located at the lumenal 
side of the PS II protein complex. The Mn cluster func- 
tions as a catalytic center for water oxidation by accumu- 
lation oxidizing equivalents produced by the successive 
absorption of four photons. An OEC retains one Ca2+ per 
PS II that is indispensable for normal O2 evolution activity. 
Oxygen evolution is inhibited by the depletion of the Ca2+ 
and is restored by Ca2+ repletion[28,29]. EXAFS[30,31], 
FTIR[32] and EPR[33] studies have indicated that Ca2+ is 
closely associated with the Mn cluster presumably through 
a carboxylate bridge to form a multimetal center. Thus, it 
was proposed that La together with Ca and Mn shared the 
common binding sites in PS II Proteins B where La com-
peted with Ca and/or Mn, influencing the process of pho-
tosynthesis. 
3  Conclusions 
In summary, lanthanum could increase the activities of 
Hill reaction, Mg2+-ATPase and Ca2+-ATPase of chloro-
plast of spinach at suitable concentration (15― 30 
mg·L−1); however, it might have negative effects when 
over used (60 mg·L−1) due to much higher lanthanum 
content in PS II. The ICP-MS results indicated that most 
of the total chloroplast lanthanum was located in PS II. 
Moreover, SE-HPLC-UV/ICP-MS results suggested that 
La not only associated with chlorophyll-protein complex 
together with Mg in PS II, but also shared common bind-
ing sites with the inorganic cofactors of Mn and Ca in PS 
II. This is helpful to understand the mechanism of REEs 
biological effects on the photosynthesis of plant. 
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